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1. Introduction 


The increasing world energy demand along with the predicted 
abrupt escalation in oil prices and the need to curb greenhouse gas 
emissions resulted in a remarkable growth of electricity generated 
from renewable energy sources (RES). However, the introduction of 
these fluctuating energy sources brings about important network 
stability problems due to a supply-demand imbalance and makes 
the need for energy storage more demanding than ever before. And 
this problem is getting worse when it comes to decentralized 
electricity production. 

As far as Greece is concerned, the problem consists of two 
major components: (a) the presence of many islands with no 
electricity transfer possibilities and (b) the abrupt increase of the 
electrical load during the high season. Specifically, as RES fluctuate 
independently from electricity demand, there will be times when 
the unmet load should be met by a conventional plant. As a result, 
and in order to satisfy 100% of the electricity needed through RES, 
energy storage is required [1]. Development of storage methods 
will open up a new field of application, especially due to the 
growth of electrical production from renewable energy, along with 
decentralized production. 

Aim of this work is the investigation - from the steady-state 
and dynamic point of view - and comparison of two energy 
storage methods: energy storage by means of compressed air and 
hydrogen (H2), which are applied in a community of the Greek 
island Karpathos. 


2. Compressed air energy storage (CAES) 


Compressed air energy storage is a promising method of energy 
storage due to its high efficiency and the fact that it relies on 
mature technology with several projects in place. Currently, there 
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are two conventional CAES plants operating (Neuenhuntorf [2] 
and Mcintosh), while two more plants are under construction 
(Norton and Iowa [3]|) [4-7]). As far as AA-CAES plants (adiabatic 
compressed air storage systems) are concerned, industrial applica- 
tions are expected approximately in 2015. The construction of the 
pilot project of EnBW AG is expected to be completed in 2013, but at 
the first stage it will be operated as a conventional air storage plant 
and at the second stage as an AA-CAES with overall efficiency of 
about 70% and capacity ranging from 150 to 600 MW [4]. 


2.1. Conventional CAES 


The operation of a conventional compressed air energy storage 
system is described as follows: excess electricity during off-peak 
hours is used to drive a 2-stage compressor with intercooling. 
After the compression, the compressed air (40-70 bar) is led to an 
after-cooler before it gets stored in an underground storage 
reservoir. At peak hours, a combustion chamber is employed in 
order to heat-up stored air and, as a result, to obtain increased 
power during the expansion process (expansion with reheating). 
The operating principle of the Neuenhuntorf CAES plant [7] is 
presented in Fig. 1. 

In modern systems, a recuperator is also used in order to 
preheat the stored compressed air before it enters the combustion 
chamber. This way, the efficiency of the system is increased by 
10%. However, a significant drawback of this configuration is the 
big size of the recuperator, which implies an increase in the 
investment costs of the plant [1]. The CAES plants at McIntosh 
and Neuenhuntorf represent the two options of operating a 
conventional power plant (with and without the use of a recup- 
erator respectively) [7]. The operating principles of the McIntosh 
plant are presented in Fig. 2. 
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Fig. 1. Operating principle of the CAES plant Neuenhuntorf. 
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Fig. 2. Operating principle of the McIntosh CAES plant. 


Referring to the components of a CAES power plant: The 
incoming air is compressed either by axial compressors with a 
pressure ratio of about 20 and a flow rate of 1.4Mm?/h or by 
radial compressors with flow rates up to 100,000 m?/h and 
capable of increasing the pressure up to 1000 bar. At the current 
level of technology, air compression is performed in two 
stages with intercooling at temperatures ranging from 40 to 
200 °C [5]. 

High pressure air-fuel mixture is expanded in air turbines 
with pressure ratios up to 22 and with a maximum inlet 
temperature of 1230 °C. As Nélke reported in [5], comparative 
studies have shown that the best choice for the expansion sector 
of a CAES power plant is the use of a turbine consisting of two 
parts: acommon air turbine part and a steam turbine as the high 
pressure turbine. 

Compressed air is stored at near-ambient temperature condi- 
tions that allow higher density of the stored medium and reduced 
size of the storage reservoir. The aquifer, underground caverns 
made of high quality rocks, depleted natural gas storage caves and 
salt domes with storage capacities of 300,000 to 600,000 m? are 
most commonly used for the compressed air storage. Storage in 
underground, high-pressure pipes (20-100 bar) has also been 
shown to be a feasible alternative. 

Compressed air energy storage has been extensively studied 
in terms of system performance, operation scheduling, integration 
to the power transmission grid and different configurations for the 
storage of compressed air. Oldenburg and Pan [8] studied the 
suitability of porous media systems (e.g. aquifers and depleted 
hydrocarbon reservoirs) for large scale energy storage and calcu- 
lated their efficiency by modeling a prototypical wellbore- 
reservoir system. Ibrahim et al. [9] investigated different technical 
alternatives for coupling compressed air energy storage to wind- 
diesel hybrid systems. Abbaspour et al. [10] proposed an optimal 
operation schedule of a CAES system by modeling two objective 
functions (profit maximization and cost minimization), while Lund 
et al. [11] focused their research activities on defining an optimal 
operation strategy based on electricity spot markets with fluctu- 
ating prices. The energy-balance effect of adding a CAES system to 
the Western Danish energy system and its ability to eliminate 
excess electricity production from wind power was analyzed by 
Salgi and Lund [12]. Novel system configurations have been 
proposed such as the one combining compressed air energy 
storage with pumped hydro technology [13] in an attempt to 
replace the water dam. 
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Fig. 3. Operating principle of the AA-CAES system. 


2.2. AA-CAES 


The main difference of AA-CAES to conventional CAES systems 
is the additional storage of the heat released during compression 
in a separate heat storage reservoir. The idea of developing such a 
system reaches back to the 1980s, but no plant was developed due 
to technological barriers. The interest for the development of AA- 
CAES plants was reignited by the increasing fuel prices and the 
need to reduce CO, emissions. 

The operating principle of an AA-CAES system is shown in Fig. 3. 
Air is compressed without intercooling and releases its heat in a 
separate heat storage reservoir before being stored. At discharge 
periods, compressed air is heated up to the appropriate turbine inlet 
temperature (~ 600 °C) by regaining the heat from the heat storage 
reservoir. Overall efficiency rates of adiabatic compressed air storage 
plants are expected to reach values up to 70% [4,5,7]. 

In two-stage AA-CAES systems, heat released in the low (LP) 
and high-pressure (HP) compressors is stored in separate heat 
tanks. At discharge periods, heat from the HP and LP heat tanks is 
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regained before the inlet to the HP and LP turbines, respectively. 
Two-stage AA-CAES systems achieve higher energy storage den- 
sity, which compensates for the increased complexity of the plant 
(two heat storage tanks and piping). 

A thermodynamic analysis of the design parameters of multi- 
stage adiabatic CAES systems and their influence on the system 
efficiency, and mainly on the heat transfer apparatus, has been 
performed by Grazzini and Milazzo [14]. The thermodynamic 
effect of thermal energy storage on AA-CAES systems has been 
investigated in [15], while the air storage chamber model selected 
for the simulation of the charge and discharge processes was 
shown to have an important effect on the performance and the 
working stability of the system [16]. 

Important advantages of the AA-CAES technology are the 
elimination of the fuel added before expansion in the turbine 
and of the concomitant CO emissions, as well as the compression 
of air without intercooling that allows for higher outlet tempera- 
tures from the compressor and, thus, higher amounts of heat 
stored in the heat tank. However, major components of the plant 
need to be redesigned as conventional ones cannot be utilized. 
Specifically, heat storage tanks with capacities of 120- 
1800 MWh,p, need special design to achieve sufficiently high heat 
transfer rates and constant outlet temperature. Minimization of 
heat losses during charging and discharging of the heat reservoir is 
another point of consideration [17-19]. 

Referring to the compressor of the plant, in AA-CAES systems 
adiabatic compression is preferred to isothermal - which is 
adopted in conventional CAES plants. However, conventional 
compressors can not reach the high pressures and temperatures 
required for adiabatic compression (100 bar/620 °C for single- 
stage and 160bar/450°C for two-stage AA-CAES plants) and, along 
with the need for low response times and high isentropic 
efficiency, the design of novel compressors for AA-CAES systems 
becomes a necessity. Recent studies converge that the satisfaction 
of these requirements is best achieved by constructing a com- 
pressor consisting of three parts: (a) an axial or a radial compres- 
sor as the low pressure compressor in case of high or low air flow 
rates, respectively, and single-shaft radial compressors for the (b) 
intermediate and (c) high pressure sectors. 

The turbine sector needs to be redesigned to achieve increa- 
sed turbine inlet temperatures, air flow rates and efficiency. In 
order to satisfy these requirements, a novel non-conventional 
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regulation stage with lower losses should be designed for 
improved handling of pressure and flow rate fluctuations. Pre- 
heating of the turbine is also proved to be desirable in order to 
achieve temperature profiles, which will enable low response 
times [17-19]. 


2.3. ISobaric Adiabatic COmpressed Air energy STorage with 
Combined Cycle (ISACOAST-CC) project 


An innovative compressed air energy storage research initiative 
by E.ON AG is currently developed with the support of the Institute 
WBT of the Technical University Braunschweig and the Institute 
RuS of the Ruhr-University of Bochum. The main concept of this 
research initiative lies on the combination of the CAES and the AA- 
CAES processes and their advantages by employing both a com- 
bustion chamber (CAES concept) and a heat storage tank (AA-CAES 
concept). However, a component that is neither a part of the CAES 
project nor of the AA-CAES is used for the realization of this new 
research initiative, namely a brine shuttle bond at the earth 
surface to enable the storage of the compressed air at nearly 
constant pressure [20,21]. 

The operating principles of the ISACOAST-CC plant is shown in 
Fig. 4. Air is compressed without intercooling during hours of 
wind energy production surplus. Before being stored in the cavern 
at around 50 °C (temperature limit due to negative effects on the 
stored air mass and the stability of the cavern), the compressed air 
flows through the heat storage tanks where it releases the 
compression waste heat. The heat is initially transferred to the 
helically-shaped steel tubes inside the tanks at high pressure and, 
finally, to the storage material at atmospheric pressure. The cool 
air stream is driven to the storage caverns, where it forces the 
enclosed brine to the brine shuttle bond (nearly isobaric process). 
At insufficient wind energy production, the caverns are discharged 
and filled with brine, while the compressed air flows through 
the heat storage tank to regain the stored heat before entering the 
combustion chambers. In specific, the air is heated up to a 
temperature that is slightly lower than the compressor outlet 
temperature. The hot air stream enters the combustion chambers, 
where it is heated up to about 1400 °C, and the exhaust gases drive 
the gas turbines coupled to the generators and electric power 
is produced. Finally, the gases leaving the gas turbine at about 
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Fig. 4. Operating principle of the ISACOAST-CC plant. 
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Table 1 

Main components of the ISACOAST-CC plant [12]. 
Component Technical characteristics 

Capacity: 2,400,000 m? (16 x 150,000 m?) 

8 storage tanks 

Diameter and height: 30 m 

Total storage capacity: 20 GWh 

2 x Alstom GT 26 

Gas Turbines 2 x Alstom GT 26 (CC) 

Brine shuttle Surface area: 480,000 m° 

Pond Height fluctuation: 5 m 


Storage caverns 
Heat storage unit 


Compressors 


500-600 °C are used as the heat source of a steam cycle in order to 
vaporize water and produce additional electricity [20,22]. Table 1 
summarizes the main components of the plant and their technical 
characteristics [21]. 

This new research initiative combines concepts and advantages 
of the conventional and adiabatic compressed air storage concepts 
as well as newly developed components (e.g. quasi-isobaric air 
storage cavern) in order to achieve increased efficiency (values 
around 80% seem to be realistic). Specifically, the storage efficiency 
is increased due to the storage and utilization of the compressor 
waste heat, while the constant high turbine inlet temperature 
allows for a constant power output during the discharge mode. 
The option of natural gas co-firing results in doubling the stored 
electricity. The ISACOAST-CC project further presents significantly 
higher specific storage capacity (> 16 kWh/m?) compared to the 
conventional plants (1.93 kWh/m? (Huntorf)) due to the utilization 
of the total air amount stored in the cavern. A further advantage of 
the plant is that modified standardized gas and steam power 
plants with high efficiencies can be employed for the realization of 
the project. This way the plant can operate as a conventional 
combined cycle power plant without the use of the air and heat 
storage systems in order to produce peak-load electricity, which 
results in the improvement of its economic viability. The reduced 
mechanical stresses in the cavern due to the low variation of the 
turbine inlet pressure and temperature results in higher lifetime 
and stability of the cavern. Finally, the plant is flexible at partial 
loads due to the decoupled turbomachine structure and the 
variable-speed operation of the compressor, while the axial forces 
in the turbomachine are compensated due to its bidirectional flow 
arrangement [20,21,23]. 


3. Micro-Compressed air energy storage (micro-CAES) 


Micro-CAES systems are characterized by the fact that the 
compressed air is not stored in high volume underground reser- 
voirs, but in smaller amounts over the earth surface. Thus, these 
plants appear to be independent from the geological character- 
istics of the installation area and can be installed at the best 
position from the technical point of view (e.g. proximity to a wind 
park). Generic guidelines for the pressure and the efficient design 
and sizing of micro-CAES pressure vessels are provided in [24]. 
Most of the existing micro-CAES systems have been designed in 
order to allow for uninterruptible power supply. Thus, reliability, 
operational simplicity and low response times play a crucial role 
for the viability of the power plant, whereas efficiency and specific 
production costs are of secondary importance [25]. 

A wide range of micro-CAES system configurations can be 
designed based on modifications in the compression and expan- 
sion processes. In contrast to large-scale CAES systems, where 
compression is commonly performed in two stages with inter- 
cooling, in micro-CAES systems it is crucial to keep the structure 
simple and simultaneously achieve high efficiency levels. Thus, 


compression and expansion need to be closer to isothermal than 
to adiabatic processes [26]. 

A quasi-isothermal compression can be achieved by injecting 
large amounts of water or liquid in the compressor for the 
absorption of the waste heat. After the compression process, the 
air-water mixture is separated and the air stream is cooled down 
to ambient temperature before entering the storage tank. The 
energy of high pressure water is recovered by a hydraulic motor 
and the water stream is cooled down and recirculated. For the 
expansion process, preheating of the air stream in a heat exchan- 
ger or a combustion chamber before the turbine inlet are not 
required in contrast to conventional CAES systems. Expanded air at 
the turbine outlet can be utilized to satisfy cooling loads in micro- 
CAES systems. A trigeneration system for the production of 
electrical, heating and cooling power for domestic households 
and small scale office buildings has been proposed, thermodyna- 
mically analyzed and evaluated for its performance by Li et al. [27]. 
For the achievement of an isothermal expansion process, water or 
another liquid has to be injected during expansion. The gas-liquid 
mixture is led to a separator after the turbine exit and the fluid is 
used to satisfy cooling loads, then compressed and recirculated. A 
quasi-isothermal expansion process can also be achieved by 
adding fuel or preheating the turbine by injection of high tem- 
perature liquids during the expansion process. 

Generally, a micro-CAES system is characterized by high 
pressure ratios during compression and expansion, leading to 
large temperature differences and high efficiency. Referring to 
adiabatic process systems, there is high exergy destruction mainly 
caused by the high temperature differences between the begin- 
ning and the end of each process, and secondly by the low heat 
recovery in the hydraulic motor and the recuperator. As a result, 
two or more compression and expansion stages with intercooling 
or reheating respectively are needed in order to achieve high 
energetic and exergetic efficiency. In contrast to adiabatic systems, 
quasi-isothermal micro-CAES systems do not require the employ- 
ment of a two-stage process, as the contribution of a second stage 
to the increase of the overall efficiency is proven to be negligible. 
Additionally, they minimize exergy losses and provide the oppor- 
tunity to achieve the appropriate temperatures after compression 
and expansion through regulation of the mass flow rate, so that 
thermal loads can be satisfied. Thus, they are more efficient 
compared to other micro-CAES systems and can be applied at 
decentralized energy networks [26]. 

Micro-CAES systems for the utilization of excess electricity 
from wind farms have been developed and tested like SCAES 
(Small CAES) by Energy Storage and Power Consultants (ESPC) Inc., 
T-CAES (Transportable CAES) by Enis WindGen Renewable Energy 
Systems LLC and TACAS (Thermal and Compressed Air Energy 
Storage) by Active Power [28]. 


4. Hydrogen energy storage 


Hydrogen is seen as the most promising alternative to conven- 
tional energy carriers due to its high energy density by weight, its 
high chemical-to-electical conversion efficiency and vice versa, and 
the wide range of possibilities H2 offers in terms of transportation 
and storage. Specifically, the advantages of energy-hydrogen sto- 
rage hybrid power generation systems are the following: (i) charge- 
discharge rates and storage tank capacity are independent variables, 
(ii) modular construction, (iii) applicability to a wide range of sizes 
and power outputs, and (iv) environmentally friendly operating 
principles [29,30]. However, significant drawbacks that should be 
faced before commercialization of the technology are the high costs 
and low efficiency ( < 50%). The latter can be reduced further when 
Internal Combustion Engines (ICEs) or hydrogen gas turbines are 
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used as electricity production units in place of Fuel Cells (FCs). 
Currently, several pilot projects are under operation or construction 
such as the Utsira and ENEA parks, and the FIRST, RES2H2, PURE 
and HARI projects [31-33]. 

Energy-hydrogen storage hybrid power generation systems 
follow the described operating principles: During off-peak hours, 
excess electricity is used to feed an electrolyzer converting 
incoming water to hydrogen, which in turn is led to a compressor 
and a storage unit. If the excess of produced power is higher than 
the nominal power of the electrolyzing unit and regardless the 
level of the Hz storage tank, this amount of electricity is rejected 
and can be used for other needs. On the other hand, when it comes 
to peak load hours, the difference between the demanded and the 
produced amount of electricity is supplied by utilizing stored 
hydrogen in fuel cells, internal combustion engines or hydrogen 
gas turbines. 

As far as the components of a Hz hybrid power generation plant 
are concerned, electrolyzing units installed in decentralized power 
systems should satisfy two basic requirements: (i) low start-up 
times and (ii) capability to operate under low partial load to allow 
hydrogen production even when excess electricity is low. The 
former can be alleviated by taking weather forecasts and load 
predictions into account. The only electrolyzing devices that are 
able to satisfy the aforementioned requirements are alkaline, 
advanced alkaline and Proton Exchange Membrane (PEM) electro- 
lyzers. Alkaline electrolyzers represent a mature technology, while 
there is no mass production of mid- and high power PEM 
electrolyzers yet (available only for pilot projects with a hydrogen 
production rate ranging between 10 and 20 N m?/h), leading to 
high investment costs. Manufacturers estimate the investment 
cost of alkaline electrolyzing units to drop down to 8150 €/N m?/h 
with PEM units being about 30% more expensive [32,34]. 

Hydrogen is typically stored in its gaseous form at ~200 bar 
and temperatures ranging between —50 °C and 60 °C, while the 
mass content cannot exceed 2-3 wt%. At large H2 amount, the use 
of a compressor is inevitable and this results in an increase of both 
the investment and O&M costs [32,35]. 

Liquefied hydrogen storage is also developed due to the higher 
energy density of liquid hydrogen. However, important drawbacks 
such as high energy demand for the liquefaction of hydrogen 
( x30% of LHV), high complexity and cost of liquefaction plants, 
significant hydrogen losses due to evaporation ( ~ 0.1% of the hydro- 
gen content daily) and short storage times prevent the use of this 
storage method in the case of decentralized power systems [36-38]. 

The only commercially available chemical method for H2 storage is 
the use of metal hydrides with low temperature H> desorption. 
However, a range of other materials are currently under R&D so that 
problems such as the achievement of reasonable pressure and 
temperature ranges during absorption and desorption processes as 
well as weathering of materials can be tackled. Hydrogen storage in 
rare earth intermetallic compounds by the use of methanol is excluded 
in the case of decentralized power systems as the production and 
reforming of these compounds are energy intensive and increase the 
complexity and the costs of the storage plant. Finally, hydrogen storage 
in carbon nanotubes -both in the inside of the tubes and in the pores 
on their surface- has been proposed [39-46]. Summing up, metal 
hydride hydrogen storage can achieve energy density (by volume) in 
the same order of magnitude as compressed gaseous H, storage while 
the maximum obtainable weight content can reach 0.07 kg H2/kg 
metal for high temperature metal hydrides [30]. Up-to-date studies 
have shown that metal hydrides allow the development of storage 
units that occupy 15 times less space in comparison to pressurized 
gaseous H, storage tanks (150 bar) while having the same weight. 
Additionally, metal hydrides can provide highly purified H2 at their 
output resulting in the elongation of the fuel cell’s lifetime and 
outmatch gaseous storage on safety, because absorption and 


desorption processes are taking place at nearly atmospheric conditions 
[35]. However, the most significant drawbacks of this storage method 
for application in decentralized power systems comprise the slow 
desorption and absorption rate of the storage tank, the need for 
additional amount of heat during the desorption process and the high 
costs that do not allow this method to compete gaseous storage, but 
only for capacities up to some tens of N m? [32]. 

Finally, underground reservoirs can be used for the storage of 
large Hz amounts (up to 10° N m°?) at pressures of ~40 bar. 
Physical aquifers or salt caverns are most commonly used, but 
cannot be utilized for decentralized power systems due to high 
investment costs [47,48]. 

Fuel cells, hydrogen ICEs and hydrogen gas turbines can be used as 
the energy production unit of an energy-hydrogen storage hybrid 
power generation plant. Fuel cells comprise the most promising 
electricity production technology, due to their high efficiency at 
partial and full load, low emissions, fuel flexibility, and quiet opera- 
tion. However, fuel cells have to confront competition from conven- 
tional gas turbines with similar efficiency and investment costs of 
600-800 €/kW. Thus, fuel cells are expected to be initially integrated 
at systems with nominal power between 30 kW and 10 MW, since 
they cannot compete conventional gas turbines for higher power 
output due to financial reasons [32]. Alkaline electrolyte and PEM fuel 
cells of a few hundreds of kW are most appropriately applied in 
stand-alone power systems due to their short start-up times and the 
consumption of highly purified oxygen. Molten carbonate and solid 
oxide fuel cells can also be used, but are not in the scope of this article 
due to the use of natural gas or other hydrocarbons. PEM fuel cells 
have low operating temperatures (about 80 °C) leading to short start- 
up times and less corrosion of their components. However, their life- 
time should reach 40,000 h of operation and the capital cost should 
initially drop down to 1000 $/kW and thereafter to 400-750 $/kW 
in order to become commercially competitive. On the other hand, the 
low cost and high efficiency of alkaline fuel cells outweigh the high 
sensitivity of their electrolyte to carbon dioxide and the shortening of 
their lifetime, and makes them the most attractive candidate for 
application in a decentralized energy-hydrogen storage hybrid power 
generation plant. Specifically, the fact that the production and 
consumption of hydrogen are taking place in the same location along 
with the important advantages of this type of cells can bring them 
back to the forefront [49-52]. Hydrogen ICEs are characterized by 
lower efficiency, but longer lifetime and lower costs compared to fuel 
cells. However, Vandenborre Hydrogen Systems introduced combined 
heat and power systems with nominal power ranging between 30 
and 130 kW, which can reach an electrical efficiency of 35% and a 
total of 90%. Partial load operation can cause a decrease of the 
electrical efficiency significantly below 35%, which leads to the 
conclusion that hydrogen ICEs are more appropriate for applications 
where base load is largely constant and large amounts of heat are 
needed for the satisfaction of thermal loads. Finally, the use of 
hydrogen gas turbines requires some modifications in the design of 
conventional gas turbines. The very clean combustion that can be 
achieved with hydrogen results to the avoidance of blades corrosion 
phenomena and in the application of significantly higher turbine inlet 
temperatures. The very clean Hz combustion prevents blade corrosion 
phenomena from occuring and allows for significantly higher turbine 
inlet temperatures and efficiencies compared to conventional gas 
turbines [32]. 


5. Simulation of a micro-CAES system using IPSE-pro software 


5.1. Systems and main assumptions 


The present paper evaluates the energetic and exergetic perfor- 
mance of four micro-CAES systems. Single- and two-stage systems 
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without air preheating before the turbine inlet will be studied and the 
effect of air preheating by waste heat recovery and fuel combustion on 
the system performance will then be investigated. Figs. 5-8 present 
the four examined systems as first presented by Kim and Favrat [26]. 

In order to study the performance of the systems and highlight 
their specific characteristics, the following assumptions were 
adopted: 


© Steady state analysis with an air flow rate of 1.2 kg/s and 
compression up to 40 bar. 

© Constant pressure in the storage tank. 

© Isentropic efficiencies of the compressor and the turbine are 
equal to 0.85 and 0.87 respectively. 

© For the two-stage systems the pressure ratios of both com- 
pressors and turbines are equal to each other with an inter- 
mediate pressure of 6.3 bar. 

© Compressed air is preheated in the heat recuperator and the 
combustion chamber operating with natural gas. 

e j was assumed to be equal to 3.8 kg/kg in the single-stage and 
3.6 kg/kg in the two-stage system. 


5.2. Energetic analysis 


The efficiency of the CAES systems will be evaluated in terms of 
energy storage and utilization of the compression and expansion 
waste heat. The electric storage efficiency is defined as: 


Helst, = i= Pri = 1Qs, i 
noah + Liar, 
where Pr is the power output of the j turbines, Qf 7, the energy 
produced in the j combustion chambers, with 7p being the efficiency 
of a conventional power plant for base-load charging, while Pc and Pp 
are the power inputs to the j compressors and k water pumps used 
for the water-cooled heat exchangers, respectively. The numerator of 
eq. (1) represents the opportunity cost of operating the CAES plant, i. 
e. the energy loss from burning the fuel in the CAES plant instead of 
using it for energy production in a conventional power plant. 
The heating and cooling efficiencies are described by: 


— Xia Qac, 
pie ome Ef Pr 


a) 


heating efficiency : theating = 


(2) 


j 
Xi = 1 Qae; 

j k i 

i=1PG + LiPo, 


cooling efficiency : neooling = (3) 


Fig. 5. Single-stage micro-CAES system without air preheating [16]. 
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Fig. 6. Two-stage micro-CAES system without air preheating [16]. 
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Fig. 7. Single-stage micro-CAES system with air preheating [16]. 
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Fig. 8. Two-stage micro-CAES system with air preheating [16]. 


where Qac and Qae are the dissipated heat after compression and 
heat extracted after expansion, respectively. 

Finally, the thermal efficiency of the plant will be defined only 
for systems with air preheating in order to provide an overview of 
the operation of the plant and a comparison measure to conven- 
tional gas turbine power plants. However, it is worth mentioning 
that the operational principles of these plants differ significantly 
from each other. Thus, thermal efficiency is only an artificial 
efficiency for CAES systems and will be defined as: 


Zi Pr- (2 Pa Si Zi Pr.) 
Yi = 1, 


; (4) 


Ith = 


where Qp, represents the LHV of the fuel. 
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5.3. Exergetic analysis 


Concerning the exergetic analysis of the storage plant, only the 
physical and chemical components of exergy will be considered in 
the calculation process, i.e. the dynamic and kinetic components 
will be neglected. Note that chemical exergy does not imply any 
chemical reaction, but the thermodynamic distance between the 
system and its surroundings. 

The physical exergy component of the air and water flows 
through the heat exchangers is calculated by: 


E™ = tith—ho—To(s—s0)] (5) 


where the zero index stands for the reference state (pp =1 atm and 
To= 298.15 K). The chemical exergy component is equal to zero for 
the air stream due to the similarity of its chemical composition to 
the system surroundings, while the exergy of the water stream is 
given by: 
cH eH 
where M stands for the molar mass of water and @,°" =45 kJ/kmol 
is the specific chemical exergy of water (model I) or @/ ©" =900 
kJ/kmol (model II) as both of the models are defined in [53]. 

The exergy destruction for each system component is calcu- 
lated by: 


Ep => (1 z) Qj Wo4 L me; È Meee (7) 
J J: i e 

where Ep represents the exergy destruction, È;= m;e; and 
Èe = YelMeee stand for the rates of exergy transfer into and out of 
the control volume, We is the energy transfer rate by work and 
dj(1—(T./T;))Q; the exergy transfer rate by heat. The first term of 
the equation was neglected in the present study due to the 
selection of the control volume of each system component in a 
way that the heat transfer takes place at 25°C. The overall 
exergetic efficiency of the systems was calculated as follows: 


X = 1 Que; F X AE; heatex. + E = 1 AÈ; fuelpreh. 
Dia aPa + DEL Pe, + Df Ei fuel 


Neas = ( 8) 


where AE;neatex, ANd AEjfuelpren, Stand for the exergy change of 
the streams flowing through the heat exchanger and the fuel 
preheater respectively and Ejfye; represents the exergy of the 
incoming fuel stream. 


Table 2 


5.4. Results and discussion 


The exergy destruction for the CAES systems without and with 
air preheating is provided in Tables 2 and 3, respectively. In the 
single-stage system without air preheating more than 50 % of the 
exergy destruction takes place in the heat exchanger. This was 
expected as the flow entering the heat exchanger (hin= 657.02 kJ/kg, 
Tin=624.09 °C) is converted to a low energy quality flow 
(Aouwr=20.1 kJ/kg, Tour=20 °C). 

Comparing the single to the two-stage system, the total exergy 
destruction of the multistage is 111.99 kW less than the single- 
stage system due to the lower destruction in the heat exchangers 
(in total, 79.3 kW less than the single-stage system). The increase 
in the exergy destruction of the compressors is balanced by the 
decrease in the destruction of the turbines, while approximately 
the same amount of exergy is destroyed in the pumps and the 
storage tank. 

Comparing the single-stage systems with and without air 
preheating, the total exergy destruction for the former is higher 
by 257.44 kW as the decrease in the exergy destruction due to the 
replacement of the heat exchanger at the turbine outlet by a heat 
recuperator for air preheating is offset by the high exergy 
destruction in the combustion chamber. For the single-stage 
system with air preheating approximately 78% of the total exergy 
destruction is attributed to the combustion chamber and the heat 
exchanger at the compressor outlet. 

For two-stage systems, the significant increase in the exergy 
destruction (572.02 kW) for the one with air preheating can be 
also attributed mainly to the fuel combustion before the HP and LP 
turbines, where ~55% of the total destruction occurs. 

The efficiency values for the investigated CAES systems is listed 
in Table 4. For the systems without air preheating, the increased 
storage efficiency of the two-stage system (9.83 % higher com- 
pared to that of the single-stage) reveals the significant effects of 
intercooling and reheating. Storage efficiency increases consider- 
ably for systems with air preheating since fuel combustion before 
the expansion in the HP and LP stages leads to increased power 
outputs from the turbines. In contrast to the systems without 
preheating, the addition of a second compression and expansion 
stage does not contribute to higher storage efficiency. 

As for the heating efficiency, it slightly differs among the 
various systems because of the very similar structure of the 
systems up to the storage tank and the low work input into 
the additional pumps. The cooling efficiency can only be defined 
for the systems without air preheating, as the low-temperature air 
streams after the turbine outlet can be used for the satisfaction of 
cooling needs. The employment of a second expansion stage 


Exergy destruction term for the various system components of the single- and two-stage systems without compressed air preheating. 


Two-stage system 


Single-stage system Two-stage system 


Percentage of total Ep 


8.77 6.44 


Component Single-stage system 

Ep (kW) Ep (kW) 
LP compressor 47.76 27.88 
LP water pump 1.33 0.46 
LP heat exchanger 292.92 56.99 
HP compressor - 29.61 


HP water pump - 1.16 


HP heat exchanger - 157.63 
Storage tank 0.54 0.54 
HP turbine - 23.96 
HP water pump - 0.19 
HP heat exchanger - 41.69 
LP turbine 70.99 30.87 
LP water pump 0.43 0.21 
LP heat exchanger 130.76 61.55 
Total 544.73 432.74 


0.24 0.11 
53.77 13.17 
- 6.84 
- 0.27 
- 36.42 
0.1 0.13 
- 5.54 
- 0.04 
- 9.63 
13.03 7.13 
0.08 0.05 
24.01 14.23 


100.00 


Table 3 
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Exergy destruction term for the various system components of the single- and two-stage systems with compressed air preheating. 
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Component Single-stage system Two-stage system Single-stage system Two-stage system 
Ep (kW) Ep (kW) Percentage of total Ep 
LP compressor 45.76 27.88 5.94 2.77 
LP water pump 1.33 0.46 0.17 0.05 
LP heat exchanger 292.92 56.99 36.43 5.67 
HP compressor - 29.61 - 2.95 
HP water pump - 1.16 - 0.11 
HP heat exchanger - 157.63 - 15.69 
Storage tank 0.54 0.54 0.06 0.05 
Recuperator 43.53 110.15 5.41 10.96 
Choke valve 6.29 6.29 0.78 0.63 
1st combustion chamber - 334.77 - 33.32 
HP turbine - 35.43 - 3.53 
2nd combustion chamber 334.77 212.38 41.63 21.14 
LP turbine 77.03 31.47 9.58 3.13 
Total 802.17 1004.76 100.00 100.00 
Table 4 


Various efficiencies of the four micro-CAES systems. 


Single-stage without air 


Two-stage without air 


Single-stage with air Two-stage with air 


preheating (%) preheating (%) preheating (%) preheating (%) 
Electrical storage efficiency, 24.79 34.62 62.09 61.18 
Nel st. 
Heating efficiency, heating 98.3 98.09 98.48 98.28 
Cooling efficiency, tooling 30.15 34.49 - - 
Thermal efficiency, nen - - 7.98 23.82 
Overall exergetic efficiency, 34.54 41.44 58.49 51.01 


MT caes 


contributes to the increase of the cooling efficiency by 4.34 %. For 
the systems with air preheating, the reheating of the working 
medium before its expansion in the LP turbine results in an 
increase of the thermal efficiency by 15.84%. 

From the exergetic point of view, the introduction of second 
compression and expansion stages increases the exergetic effi- 
ciency for the systems without air preheating. This can be 
attributed to the increase in the total work produced and the total 
heat extraction after the turbines. For systems with air preheating, 
a second stage causes an important drop in the exergy efficiency of 
the system. The additional work produced by expanding the 
reheated stream in the LP turbine is not enough to compensate 
for the chemical energy added in the LP combustion chamber. 
Comparing systems without and with air preheating, the higher 
exergy efficiency of the latter is attributed to the increased power 
output from the turbines which offsets the decrease due to the 
inability to use the expanded medium for cooling. 


6. Simulation of an energy—hydrogen storage hybrid power 
generation system 


In the present part of the study, a hybrid power generation 
system with wind turbines and hydrogen storage has been 
simulated and applied to a settlement of the Greek island of 
Karpathos. The load of the settlement was assumed to correspond 
to 5% of the total energy consumption of the island [54]. 


6.1. Input data 


Based on the hourly averaged load data provided by the Public 
Power Corporation S.A. [55] for the island (2009), the load 


fluctuation map and the scaled monthly averaged data are shown 
Figs. 9 and 10, respectively. 

The annual averaged load of the island is 207 kW with an 
energy consumption of 4.98 MWh/day, while the electrical load is 
nearly doubled in the summer months reaching 403 kW. This is 
attributed to the abrupt increase of the residents of the island 
during the high season and the increased cooling loads. Wind data 
[56] are obtained by wind measurements at a height of 40 m. With 
a Weibull shape factor of 1.6 and under the assumption that the 
wind speed peaks at 3 p.m. the scaled monthly averaged wind 
data and the corresponding Weibull distribution are provided in 
Figs. 11 and 12, respectively. 


6.2. Input variables 


6.2.1. Wind turbines 

Two parameters need to be specified for the selection of the 
wind turbines: the nominal power and the number of turbines to 
be installed. Based on the peak load of the settlement, the wind 
energy integration in the urban environment and the wind farm 
operation during maintenance and failure periods, the Fuhrlander 
100 turbines (Pjom=100 kW) have been selected from the range of 
wind products that are provided from the software. Wind farms 
with nominal power ranging between 700 kW and 1000 kW were 
investigated. 


6.2.2. Electrolyzing unit 

For the electrolyzing unit, the optimal nominal power has been 
selected in the range 400-900 kW, while a typical efficiency value 
of 84% was assumed. The selection of the nominal power range 
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aims at the optimal utilization of the excess electricity produced 
by the wind farm. 


6.2.3. Hydrogen storage tank 

Hydrogen was stored in gaseous form in tanks with capacities 
between 750 and 1000 kg Hv. The capacity range was selected to 
take into account the current level of technology and to enable 
meeting the demand at time periods with insufficient wind energy 
production. The storage tank was initially filled to 95% of its total 


capacity. 


6.2.4. Fuel cell 

The nominal power range of the fuel cell has been specified 
between 450 and 600 kW in order to be able to satisfy the peak 
demand. A representative value of 44% has been selected for the 
electrical efficiency of the cell, while it has been assumed to have a 
lifetime of 40,000 operating hours. 


6.2.5. System requirements 
Meeting the electricity demand of the settlement without 
interruptions and fossil fuel independence are the basic 
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Fig. 9. Hourly load fluctuation map for 2009. 


requirements of the stand-alone power system. The intermittent 
operation of the system over its lifetime is ensured by requiring 
the year-end storage tank level to equal or exceed the initial tank 
level. The storage tank level should not reach zero even at peak 
demand and no wind energy production, while the fuel cell 
nominal power should exceed the peak load. 


6.3. Results and discussion 


With the use of the HOMER Energy software, the operation of 
576 diverse plants was simulated to find the optimal operating 
system. The optimal plant consists of: 


è 9 Fuhrlander 100 wind turbines with a nominal power of 
100 kW and hub height of 35 m. 

e A 700 kW electrolyzing unit with an efficiency of 84%. 

e A hydrogen storage tank with a capacity of 1000 kg Hg, initially 
filled to 95% of its capacity. 

e A 450 kW PEM fuel cell with an electrical efficiency of 44% and 
a lifetime of 40,000 operating hours. 


Based on the wind speed and load data input and the 
optimization results, the time fluctuation of the wind power 
production and of the electrolyzer power input are provided in 
Figs. 13 and 14 respectively. 

The mean wind power output is equal to 520 kW with a 
capacity factor of 57.8%, while an annual production of 
4,554,623 kWh was obtained. 

In Fig. 14 the expected proportional relation between the wind 
energy output and the electrolyzer power input can be partly 
distinguished. However, despite the simultaneous increase in the 
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Fig. 10. Scaled monthly and annual averaged load data for 2009. 
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Fig. 11. Scaled monthly and annual averaged wind data for 2009. 
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Fig. 12. Weibull distribution corresponding to the wind speed data for 2009. 
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Fig. 14. Time fluctuation map of the electrolyzer power input. 
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Fig. 15. Monthly averaged hydrogen production of the electrolyzing unit. 


wind speed and slight decrease of the electrical load between 
February and May there is no distinguishable increase in the 
electrolyzer power input. This can be attributed to the high H2 
level in the storage tank as shown in Fig. 16, which does not allow 
the operation of electrolyzer at its nominal power. Excess electricity 
can be used to satisfy the electrical load in the rest of the island. 
During summer months, the high electrical load is mostly met by 
the increased wind energy production and the excess electricity is 
used for the production of Hz only at times when the Hz tank 
storage level allows it. In the end of October and until the first days 
of November the electrolyzer power input decreases considerably 
due to the reduced wind power production. Specifically, stored Hz is 
used to meet the demand in the end of October and the storage 
tank reaches its lowest level of 186 kg Hz on the 25th of that month. 
During the first days of November, the important decrease in the 
electricity demand results in high excess electricity despite the low 
wind power production. The electrolyzer operates close to its 
nominal power and the tank is filled up to its full capacity. As a 
result, the electrolyzer can not operate until the 23th of November 
and the excess electricity from the wind farm is rejected. During 
the last week of November, the electrolyzer power input is close to 
the nominal power and decreases in the first three weeks of 
December due to the very high tank storage level and the low 
excess electricity. Finally, the power input increases during the last 


week of the year due to the high wind power and the tank is filled 
up to its capacity. 

The mean electrolyzer power input is 186.3 kW with a capacity 
factor of 26.6%, while a total annual consumption of 1,632,273 kWh/yr 
and a specific consumption of 47 kWh/kg H2 were obtained. The 
electrolyzer operates 3398 h/yr, the mean and the maximum output 
are equal to 3.97 kg H2/h and 14.91 kg H2/h respectively and 34,760 kg 
H2 are produced annually. Fig. 15 shows the monthly averaged H2 
production. The highest Hz production was obtained during the 
months with increased wind energy production (July and August), 
which is adequate to offset the simultaneous increase in the electrical 
load during high season. 

The time fluctuation map of the hydrogen tank storage level is 
shown in Fig. 16. The energy storage capacity of the tank and its 
autonomy are equal to 33,333.4 kWh and 161 h respectively, while 
the year-end tank level is 995 kg Hz and exceeds the initial tank 
level (950 kg H2). 

Based on the input data and the operating behavior of the other 
components of the system, the fuel cell power output is presented 
in Fig. 17. The fuel cell operates close to its nominal power at peak 
demand times (July and August) and produces a low output mainly 
during November due to the low electricity demand. 

The mean fuel cell power output is 151 kW with a capacity 
factor of 14.2% and specific hydrogen consumption of 0.071 kg 
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Fig. 16. Time fluctuation map of the hydrogen tank storage level. 
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Fig. 17. Time fluctuation map of the fuel cell power output. 
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Fig. 18. Total monthly averaged electric power production of the wind farm and the fuel cell. 


H2/kWh. The fuel cell operates 3233 h/yr, consumes 34,716 kg 
H2/yr and produces 489,323 kWh/yr. The mean electrical effi- 
ciency of the cell is equal to 42.3% and the cell starts 806 times/yr. 

The total monthly averaged electric power production of the 
wind farm and the fuel cell are presented in Fig. 18. The total 
electric energy production is equal to 5,043,945 kWh/yr and 90% 
of this amount is produced by the wind turbines. The electric 
demand is fully met through the year, but the very high hydrogen 
tank storage level results in the rejection of 1,595,047 kWh/yr of 
excess electricity. However, this amount can be used as an input to 
another electrolyzing unit for the production of hydrogen and its 
use in the transportation sector. Alternatively, it can be utilized for 
the satisfaction of the electric demand in other settlements of the 
island. 


7. Dynamic analysis of the compressed air energy storage 
system and comparison to the hybrid energy-hydrogen storage 
power generation system 


7.1. Dynamic analysis of the CAES system 


In this section, the two-stage compressed air energy storage 
system without air preheating will be dynamically examined. This 


system is selected due to its higher energetic and exergetic efficiency 
compared to the single-stage system and its clean technology. 


7.1.1. Input variables 

The wind and load input data are considered to be the same as in 
the case of the hybrid energy—-hydrogen storage power generation 
system. For comparison reasons, the same wind farm as in the previous 
section is studied. Thus, Fig. 8 presents the time fluctuation map of the 
wind power production also in the case of the CAES system. 


7.1.2. Compressor unit 

The technical characteristics of the compressors are as stated in 
Section 5.1 and their cumulative power sums up to the nominal 
power of the electrolyzing unit (700 kW) for comparison reasons. 
In specific, the LP and HP compressors have a nominal power of 
300 kW and 400 kW respectively. Another important issue refer- 
ring to the operational principles of the compressors is that their 
minimum load is set to 10%. 


7.1.3. Compressed air storage tank 

The storage capacity of the tank for the execution of the 
HOMER software was set to 1000kg Hə corresponding to 
33,333.4 kWh of thermal energy and an autonomy of 161 h. In 
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order to assure that the compressed air storage tank will have the 
same capacity as the hydrogen tank, the energy density of the 
compressed air - given the enthalpy changes through the LP and 
HP turbines - should be calculated: 


E=mAh=1 kg((20.1—-(—83.59)) kJ/kg + (9.64—(—85.47)) kJ/kg) 


= 198.8 kJ = 0.0552 kWh 
Thus, the compressed air storage tank capacity was set equal to 
603,622.94 kg of compressed air and the tank was initially filled to 
95% of its total capacity. 


7.1.4. Expansion unit 

The functional characteristics of the turbines are as stated in 
Section 5.1 and the cumulative power of the HP and LP turbines 
was set to 230kW and 220 kW respectively, summing up to 
the nominal power of the fuel cell (450 kW). The isentropic and 
mechanical efficiency of the turbines are 7; 7=0.87 and 41m,7=0.99 
respectively. 


7.1.5. System requirements 

As previously stated, the most important parameter to ensure 
the uninterruptible operation of the system is the year-end tank 
level to be equal or higher than the initial tank level. Further- 
more, the storage tank should not reach zero level even under 
extreme conditions (peak demand and no wind energy produc- 
tion), while the total power of the turbines should exceed the 
peak load. 


7.1.6. Results and discussion 

Based on the wind power production and load data, excess 
electricity for every hour of the year will be used as the compres- 
sor power input: 


Poomp = Pet Neim nmm (KW) (9) 


where Poomp the total power input to the compressors, Pe; the 
excess electricity, and nem, "mm the electric and mechanical 
efficiency of the motors respectively. The total air mass flow rate 
through the compressors is given by: 


Pcomp Nm,comp 
= (Ah, + Ah) (kg/s) (10) 
where mcomp the mechanical efficiency of the compressors and 
Ah,, Ah the enthalpy change at the LP and HP compressors 
respectively. 
Based on the hourly electricity deficit, the total power output 
and the air mass flow rate through the turbines is provided by: 


P 
Prurp = — 2 (KW) (11) 
Nel,G Im.G 
Pius (kg/s) (12) 


m= 
Nm turb(Mhy + Ah2) 


where Purp the total power output, Pa the electricity deficit, nec, nm,G 
the electric and mechanical efficiency of the generator, nm,turb the 
mechanical efficiency of the turbine and Ah;, Ah the enthalpy 
change at the HP and LP turbines respectively. 

The level of the compressed air storage tank is calculated from 
the mass flows entering and leaving the tank. A disconnection of 
the compressors is foreseen at times when the tank is filled up to 
its full capacity. 

Fig. 19 shows the total power input to the compressors as a 
function of the wind energy production. Peomp increases with 
increasing wind power generation as expected. For wind power 
production above 850 kW the compressors operate mostly close to 
their nominal power. Zero power input to the air compressors can 
occur over the whole range of wind power production due to the 
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Fig. 19. Total input power to compressors as a function of wind power generation. 
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Fig. 20. Monthly averaged compressed air production. 
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Fig. 21. Total output power from the turbines as a function of the load. 


inability of the wind farm either to meet the demand or to deliver 
excess power above 70 kW, or due to the high storage tank level 
which results in rejecting excess electricity. The mean total power 
input was 160.23 kW with a capacity factor of 22.9%. The total 
annual electricity consumption and the specific consumption of 
compressed air are 1,403,574 kWh/yr and 0.1613 kWh/kg com- 
pressed air respectively. The mean production rate of compressed 
air is 1023.58 kg/h, while the maximum rate and the yearly 
production amount to 4473 kg/h and 8,966,595 kg/year respec- 
tively. Fig. 20 presents the monthly averaged compressed air 
production in kg/day. 

Fig. 21 shows the total power output from the turbines as a 
function of the load. In general, an increase of the turbine power 
output can be observed with the increase of the load. In specific, 
the linear dependence of these two parameters is profound 
during the periods of zero wind power generation, when the 
total load is met by the electricity generated by the air turbines. 
The operating points between the x-axis and the identity line 
represent time periods when the load is met from both the wind 
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Fig. 22. Content of the storage tank as a function of the load. 
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Fig. 23. Allocation of the monthly averaged electric production to the system 
components. 


farm and the air turbines, while the points on the horizontal axis 
correspond to times when the load is fully met by the wind 
power generation. The mean total power output is equal to 
55.78 kW with a capacity factor of 12.39% and an annual power 
production of 488,608 kWh. The turbines consume 8,937,414 kg 
air/year with a specific consumption of 18.85 kg air/kWh, while 
they operate 3023 h annually. 

Based on the production of compressed air from the com- 
pressors and its consumption in the turbines, the content of the 
storage tank is provided in Fig. 22 as a function of the load. The 
minimum amount of air in the tank over the year is 384,811 kg 
which raises questions about oversizing of the storage tank. 

Fig. 23 shows the total monthly averaged electric production of 
the wind farm and the turbines. The total annual electric produc- 
tion is equal to 5,043,226 kWh/yr with 90.3% of this amount 
produced by the wind farm and the remaining 9.7% by the 
turbines. The system is capable of fully meeting the electric 
demand through the year, but results in a considerable electricity 
excess (1,669,579 kWh/year). This excess amounts to 33.1% of the 
total electricity generation and can be used as an input to another 
electrolyzing unit for the production of hydrogen and its use in the 
transportation sector. 

Finally, it is worth mentioning that the required power input to 
the water pumps involved in the CAES system was not accounted 
for. However, the energy consumption of the water pumps is 
negligible compared to the total electricity generation. 


7.2. Comparison of the compressed air energy storage system to the 
hybrid energy-hydrogen storage power generation system 


In this section, the hydrogen storage system and the two most 
efficient compressed air energy storage systems (two-stage with- 
out air preheating and single stage with air preheating) will be 
compared with respect to their efficiency and costs. 


7.2.1. Efficiency 

For the Hz storage system, the electrolyzer and the fuel cell 
specific consumptions were calculated at 47 kWh/kg H2 and 
0.071 kg H2/kWh respectively. Examining the system as a “black 
box” and assuming that the fuel cell consumes the exact amount 
of hydrogen produced by the electrolyzing unit, the energy 
storage efficiency can be calculated. Thus, assuming an electricity 
excess of 500 kWh during an hour of the year, the following is 
derived: 


è amount of H2 produced: 


a E 500 kWh 
~ Select. 47 (kWh/kg) 


= 10.64 kg H2 


è energy output from the fuel cell: 


m 10.64 kg 


Efe = fre 0.071 (kg/kWh) — TABA KWA 


© energy storage efficiency: 


Er. _ 149.83 kWh > 
2 = Ht =E KWR = 02997 = 29.97% 


Ny. 


Fig. 24 presents the energy flow for the hydrogen energy 
storage system. 

For the two-stage compressed air energy storage system, the 
specific energy consumption of the compressors and the turbines 
is 0.1613 kWh/kg air and 18.85 kg air/kWh respectively. Under the 
assumptions made for the hydrogen storage system and taking 
into account the power input to the water pumps, the energy 
storage efficiency will be calculated for an electricity excess of 
500 kWh. 


© amount of compressed air produced: 


ja 500 kWh 
ferea. 0.1613 (kKWh/kg) 


= 3100.2 kg air 


è total energy output from the HP and LP turbines: 


m 3100.2 kg 


Eturb. = Fas 18.85 (kg /kWh) ~ 164.44 kWh 


è energy storage efficiency: 
Etib: 149.83 kWh 


E + Epump ~ (500 + 6.475) kWh 


n= = 0.3247 = 32.47% 


Fig. 25 presents the energy flow for the two-stage compressed 
air energy storage system. 
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Fig. 24. Flow diagram for the hydrogen energy storage system. 
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Fig. 25. Flow diagram for the two-stage compressed air energy storage system 
without air preheating. 
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Finally, the single-stage CAES system with air preheating will 
be examined. The operational characteristics of the system are 
provided in the following: 


© amount of compressed air produced: 


Pcomp = Pet Net. mm (KW) (13) 
rin = Peomp meom (keg s) (14) 
E Ah 


è consumed amount of compressed air: 


Prr =e (KW) (15) 
Nel GNim.G 
Prurb 
= (keys) 16) 
"m,turb Ah 8/ ( 


Examining the system as a “black box” and under the same 
assumptions as for the two previous systems, the energy storage 
efficiency was calculated. Fig. 26 presents the energy flow of the 
the single-stage compressed air energy storage system. 


è air mass flow rate: 


500 x 0.99 x 0.99 x 0.98 kW 
(657.02—20.1) (kJ/kg) 


_ Pet NelM mM Nm,comp 
Ahcomp. 
= 0.75 kg/s = 2.714 kg/h 


è energy output from the generators: 


Pe = M ANtury, Neg mG Nm,turb (kW) (17) 


Pa. = 0.75 kg/s (1055.4—351.78) kJ/kg x 0.98 x 0.99 
x0.99 = 509.58 kw 


a. 
500kW 
Compressor 


ey 


yi 


fuel 7 flue gases 
25 Combustion = 5> A 
chamber Turbine 
Ko 


Fig. 26. Flow diagram for the single-stage compressed air energy storage system 
with air preheating. 


Table 5 


with the enthalpy changes Ahcomp. and Ahur». as they were 
calculated in Section 5. 
© energy storage efficiency: 


_ Pr-Qup _ 
Pc + Ppump 


= 0.5555 = 55.55% 


(509.58—47, 897 x 0.01198 x 0.4) kW 
(500 + 4.163) kW 


n 


where Q represents the LHV of the fuel and yp the thermal 
efficiency of a conventional power plant with 40% being a 
representative value. 

It is worth mentioning that the difference in the energy 
storage efficiency values of the CAES systems as calculated in 
the present section compared to Section 5 can be attributed to 
the mechanical and electrical efficiencies of the motors and 
generators. 

Table 5 summarizes the energy storage efficiency for the 
systems investigated. The two-stage CAES system is by 2.5% more 
efficient compared to the hydrogen energy storage system being 
the best option between the two CO>-free technologies. The 
considerably higher efficiency of the single-stage CAES system 
with air preheating comes at a cost of CO2 emissions and higher 
investment and O&M costs. 


7.2.2. Costs 

A cost summary and the net present cost were calculated for 
the H2 system based on the cost data provided in Section 4. Table 6 
represents the capital and operational costs of each system 
component. 

For the calculation of the Net Present Cost, the annual real 
interest rate was taken equal to 6% with a project lifetime of 20 
years. Since the lifetime of the wind farm and the fuel cell were set 
equal to 25 years and 40,000h of operation respectively, the 
salvage value of these components was also accounted for. 
Fig. 27 shows the cash flow summary of the Hz storage system 
and its allocation to the system components. 

However, the presented cash flow summary contains impor- 
tant sources of uncertainty due to the fact that the system 
components are not technologically mature yet and that 
particular conditions need to be fulfilled for their efficient 
operation (high purity water needed as an input to the 
electrolyzer, low lifetime of PEM fuel cells should be improved, 
battery use required until the fuel cell reaches its operating 
temperature, decrease in the fuel cell efficiency over its 
lifetime). 


Energy storage efficiency for the energy storage systems investigated. 


System Hydrogen energy 
storage system (%) 
Energy storage 29.97 32.47 
efficiency 


Table 6 
Capital and O&M costs for the hydrogen energy storage system. 


System component Capital cost(€) 


Wind farm 2,550,000 0 
Fuel cell 1,350,000 656,500 
Electrolyzing unit 1,200,000 0 
Storage tank 422,700 0 
System 5,522,700 656,500 


Two-stage CAES system 
without air preheating (%) 


Replacement cost (€) 


Single-stage CAES system 
with air preheating (%) 


95.95 


O&M (€) Salvage value (€) Total (€) 
585,000 —79,500 3,055,500 
85,200 — 161,400 1,930,300 
137,600 0 1,337,600 
24,200 0 446,900 
832,000 — 240,900 6,770,300 
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Fig. 27. Cash flow summary for the hydrogen energy storage system. 


Table 7 
Representative values of the capital cost of the CAES system. 


System component Compressors Turbines 


Capital cost (€) 1,820,000 1,170,000 


Table 8 
Advantages and drawbacks of the systems investigated. 


Energy-hydrogen storage system 


Technology Immature Mature 
level 
Capital Need to lower the fuel cell capital costs to 


costs 400-750 €/kW. Capital costs of H2 storage in metal 
hydrides need also to be lowered. 


O&M costs High due to the need of regular maintenance and well- High due to the maintenance of the moving 
educated technicians parts. 
Response Need to be reduced (battery use until fuel cells reach Relatively low 
time their operating temperature) 
Efficiency Significant decrease in the efficiency over the lifetime Approximately unchanged over lifetime (need 


(fuel cell membrane, maintenance of the hydrogen 
compressor and the storage tank) 


Referring to the cost of the CAES system, approximate 
calculations were conducted due to lack of adequate cost data 
in order to specify the order of magnitude of the cost. In specific, 
the capital cost of the compressors, turbines and AC generators 
were taken equal to 2600 €/kW (given by the manufacturer of 
the T-CAES system) and the cost of the storage tank was 
assumed to be equal to 40 €/kWh as given by the manufacturer 
of the SCAES system. The capital cost of the wind farm was 
taken equal to 1500 €/kW and the interconnection cost was 
provided by: 


Interconnection Cost = 300,000 + 100, OOON (18) 


where N represents the number of the wind turbines. Table 7 
provides the capital costs of the system and the allocation to its 
components. 

By comparison of the Hz and compressed air storage systems in 
terms of capital costs, it follows that the investment for a CAES 
system is considerably higher. The O&M costs were not calculated 
due to lack of sufficient data. However, it has to be considered that 
the system is composed of technologically mature components 
with many applications in the energy generation sector. On the 


Generators 


1,170,000 


Two-stage CAES without air preheating 


High cost due to the storage of air either in 
underground caverns or pipelines 
(infrastructure and civil engineering costs) 


for replacement of the air filters) 


Storage tank Wind farm System 


1,330,000 2,550,000 8,040,000 


Single-stage CAES with air preheating 


Mature 


Lower than the two-stage system due to lower 
compressor nominal power and storage tank 
capacity 


Significantly higher due to the fuel costs. 
Higher uncertainty for the project due to the 
high volatility of natural gas prices. 


Relatively low 


Approximately unchanged over lifetime (need 
for replacement of the air filters and cleaning of 
the flue-gas deposits) 


other hand, the moving parts of the system as well as the fact that 
the system has to go out of service during the maintenance 
periods have a negative impact on the operating costs. As far as 
the single-stage CAES system with air preheating is concerned, 
there is a trade-off between the operating costs (fuel costs) and 
the lower capital costs. Specifically, the same amount of energy 
can be produced by the expansion of half the amount of com- 
pressed air that could have been used by a two-stage system 
without air preheating. That leads to the down-sizing of the 
compressor and the storage tank and decreases the capital costs 
of the system. Table 8 summarizes the advantages and drawbacks 
of the investigated systems. 


8. Conclusions 


The present study contained an energetic and exergetic analy- 
sis of four micro-CAES systems and investigated their operational 
behavior and efficiency. The single-stage system with air preheat- 
ing and the two-stage without air preheating were proven to be 
more efficient from the energy and exergy point of view. 
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Referring to the hybrid energy—hydrogen storage power gen- 
eration system, simulations were conducted using the HOMER 
Energy software and the system was applied to the island of 
Karpathos. Based on the input data and the system requirements 
and restrictions, the operational behavior of the system compo- 
nents and the electric power production of the wind farm and the 
fuel cell were investigated. 

The dynamic analysis of the two-stage CAES system without air 
preheating contributed to the understanding of the performance 
of the system over the year. This was proven to be similar to the 
behavior of the H2 storage system. 

The comparison of the two-stage CAES without preheating, the 
single-stage with air preheating and the hydrogen energy system 
with respect to their efficiency and financial viability suggested 
that the two-stage system is by 2.5% more efficient compared to 
the hydrogen storage system. As expected, the single-stage system 
was proven to be remarkably more efficient than the other two 
systems with negative effects on the O&M costs and the CO2 
emissions over the project's lifetime. 

Cost related data were presented to highlight the advantages and 
drawbacks of the systems. The capital costs of the CAES system 
make it less attractive compared to the hydrogen storage system. On 
the other hand, the O&M cost was expected to be higher for the 
hydrogen system as it is a power solution consisting of technologi- 
cally immature components. However, the cost of the systems is a 
major parameter for its economic viability and a cost and sensitivity 
analysis should be conducted. 
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